Critical currents and extended voltage-current characteristics of ͓001͔ tilt, low angle boundaries in thin film bicrystals of pure YBa 2 Cu 3 O x and Y 0.7 Ca 0.3 Ba 2 Cu 3 O x in strong magnetic fields (HϽ10 T͒ have been measured. For 5°͓001͔ tilt boundaries, there are clear benefits to Ca additions, particularly when the sample is oxygen treated to further overdope the sample after growth. Ca-doping decreases excess grain boundary resistance and diminishes the gap between inter-and intragrain current density over a wide field and temperature range. In spite of the lower T c of the 0.3 Ca-doped samples, Ca doping increases the intergrain critical current density at 44 K as high as 30% over 0-3 T and threefold at 5 T. © 2000 American Institute of Physics. ͓S0003-6951͑00͒03644-5͔
Mechanisms of current transport through grain boundaries ͑GB͒ in high-temperature superconductors and the critical misorientation angle c at which a GB obstructs supercurrent flow are of great interest.
1-3 These issues are particularly important for biaxially textured coated conductors, [4] [5] [6] where recent magneto-optical studies suggest that the intergranular critical current density J b falls below the intragrain current density J c for у4°. 7 A low angle ͑Ͻ5°-10°͒ ͓001͔ tilt GB can be modeled as an array of edge dislocations with insulating cores of the order of the Burgers' vector ͑0.4 nm͒ in diameter with relatively undisturbed channels between the cores. The quality of the channels and the charge imbalance on the GB play a large role in determining J b . 8, 9 Screening of the excess GB charge leads to a depression of the superconducting order parameter in the channels and over a region of 1-2 nm near the GB. A model, 8 which incorporates these characteristics, explains the quasiexponential decline of J b () observed for large in YBCO bicrystals, 1-3 indicating that J b () can be improved by increasing the GB carrier density ͑for example, by overdoping the sample͒. However, since YBa 2 Cu 3 O x can only be slightly overdoped from the optimal composition of xϭ6.94 up to xϭ7, their GBs are generally thought to be hole deficient. 10, 11 Recently, Schmehl et al. 12 have made Cadoped YBa 2 Cu 3 O x bicrystals where greater overdoping is possible, 13 finding that the GB resistance could be strongly decreased and J b ͑0 T, 4.2 K͒ of some 24°͓001͔ tilt GBs increased by as much as eight times. More recent work with YBa 2 Cu 3 O x /Y 0.7 Ca 0.3 Ba 2 Cu 3 O x multilayers showed that J b ͑0 T, 77 K͒ could be raised by up to 3.5 times.
14 However, these dramatic increases in J b () were observed in zero magnetic field on high angle GBs which remained weakly coupled even after Ca overdoping. In the present work we report on the benefits of overdoping with Ca and O for low angle GBs. We measured the extended voltage-current (V -I) characteristics of 5°and 7°͓001͔ tilt Y 0.7 Ca 0.3 Ba 2 Cu 3 O x bicrystals in magnetic fields up to 10 T. We found considerable increase of J b () due to the Ca overdoping.
Thin films were grown on ͓001͔-oriented SrTiO 3 bicrystals by pulsed laser deposition under identical conditions using both pure YBa 2 Cu 3 O x and Y 0.7 Ca 0.3 Ba 2 Cu 3 O x targets. 13 Our films were grown at 210 mTorr oxygen pressure and a substrate temperature of 810°C, followed by a postgrowth annealing in oxygen at 830 Torr and 520°C for 30 min before final cooldown. Most data was obtained on two 5°͓001͔ tilt bicrystals. Cross-sectional scanning electron microscopy showed the film thickness of the pure and Ca-doped films to be 260 and 228 nm, respectively. Bridges 25 m wide were patterned using lithography and argon ion beam etching techniques. Each bridge contained voltage taps for voltage measurement of the intergrain ͑26 m long͒ and adjacent intragrain ͑240 m long͒ portions of the bridge. V -I characteristics were measured over 4-5 decades of V using Keithley 2001 nanovoltmeters ͑sensitivity better than 5 nV͒. Both J c and J b were defined using the standard electric field criteria of 1 V/cm. The Y 0.7 Ca 0.3 Ba 2 Cu 3 O x film was measured in its as-grown condition before subsequent postannealing ͑in pure oxygen for 30 min at 420°C͒ and retesting in the oxygen overdoped state. The pure YBCO films had narrow resistive transitions (⌬TϽ0.4 K͒. As-grown Cadoped films had broader transitions (⌬TϽ4 K͒, sharpening (⌬TϽ1.2 K͒ upon postoxygen annealing. The zeroresistance T c values were 91 and 78 K for the pure and Ca-doped films in the as-grown condition, but the T c of the Ca-doped film fell to 71 K after postoxygenation. Figure 1 compares the E -J curves for the intergrain and the intragrain links taken at a constant reduced temperature, tϭT/T c ϭ0.85 ͑77 K for the pure and 66 K for the as-grown Ca-doped 5°͓001͔ tilt bicrystal͒. Both films exhibit singlecrystal-like intragrain E -J characteristics, the curvature of E(J) changing smoothly from negative to positive with increasing H. We used the change of sign of the curvature of E(J) to define the irreversibility field, H*ϭ5 T for pure YBCO and 3 T for Ca-doped YBCO at tϭ0.85. In spite of its lower H*, the Ca-doped film had higher absolute J c values at lower fields. The intergrain E -J characteristics of the Cadoped film are single-crystal-like, unlike those of the pure YBCO film, where the low field ͑1-3 T͒ intergrain E -J curves show an initially steep rise followed by a pronounced kink at higher E. As shown later, this behavior is due to flux a͒ Electronic mail: gdaniels@students.wisc.edu APPLIED PHYSICS LETTERS VOLUME 77, NUMBER 20 13 NOVEMBER 2000 flow along the GB. The pure YBCO film at 4 T demonstrates a marked change in the E -J curve: the low-voltage part is intragrain-like, there then being a distinct change as the grain boundary dissipation takes over, changing again at the highest voltage to dissipation dominated by the intragrain components of the bridge. In spite of the lower irreversibility field of the Ca-doped grains, the Ca-doped sample has a higher intergrain current density than pure YBCO evaluated at the same T/T c of 0.85. To clarify the pronounced kinks in the E -J curves of the pure YBCO bicrystal, we plotted them in linear coordinates ͑Fig. 1 inset͒. The data shown in the inset in Fig. 1͑a͒ are well described by a linear dependence Vϭ(IϪI b )R, where R(H) is an excess GB resistance, and I b the intergranular critical current. Similar behavior has also been observed on other YBCO bicrystals. 15, 16 The kinks of the loglog V(I) plot in Fig. 1͑a͒ T, whereas the slopes dE/dJ for higher currents increase with H. These features can be described by a model of a flux flow channel [15] [16] [17] which appears at IϭI b and gradually expands with increasing I, occupying the whole sample as I reaches I c of the grains. The expansion of the flux flow channel with increasing I, manifests itself as an upturn on the log-log V -I curves above the kinks in Fig. 1͑a͒ . This picture is consistent with the nearly linear increase of the slope dV/dI in the high J region in the inset of Fig. 1͑a͒ , as expected from the Bardeen-Stephen model.
The flux flow channel can either comprise a single vortex row on the GB, or additional vortex rows in the grains. In the latter case we should expect a pronounced field dependence of the GB resistance, RХHw(H,J) n /AH c2 , where n is the normal state resistivity, H c2 is the upper critical field, A is the cross-sectional area, and w(H,J) is the channel width, which exceeds the intervortex spacing a ϭ( 0 /H) 1/2 . However, at IϷI b , the effective GB resistance in Fig. 1͑a͒ remains approximately constant as H increases from 1 to 3 T. The fact that R(H) is nearly independent of H, as compared to the three-fold increase of the slope dV/dI at higher I, indicates that there is only a single row of overlapped Josephson vortex cores moving along the GB. In this case R is just the excess normal resistance of the GB For a low-angle GB, the length of the Josephson core equals l ϭ J 2 / for J b ϾJ d /, and lϭ J for J b ϽJ d /, 16 where is the London penetration depth, J is the Josephson penetration depth, J d is the depairing current density, and Х10 2 is the Ginzburg-Landau parameter. Using these expressions for l, we can show that the condition that the vortex cores overlap, lϽ( 0 /H) 1/2 , is indeed satisfied, even for the lowest field ͑1 T͒ in Fig. 1 .
By contrast, the V -I curves for the Ca-doped films ͓Fig. 1͑b͔͒ do not exhibit the pronounced kinks and steep slopes seen in V(I) of pure films at HϽ4 T. This indicates that Ca doping strongly decreases the excess GB resistance R, so that the vortex slippage along the GB at IϾI b does not manifest itself in the V -I curves of the doped bicrystals. The conclusion is consistent with the significant decrease of R observed on a Ca-doped 24°͓001͔ high-angle GBs. 12 This reduction of R results from the increase of the local carrier density at the hole-deficient GB with Ca doping. 13 The overdoping thus partly compensates the suppression of the order parameter on the GB, which results from a progressive shift of the chemical potential ͑͒ at the GB toward the antiferromagnetic insulating state as increases. 8 Note that since ͑͒ increases with , the optimum Ca content may be different for GBs with different .
In conclusion, the data of Figs. 1-3 , taken over a wide range of electric field and current density, magnetic field and temperature all support the fact that Ca additions strongly benefit the intergranular current density of low angle GBs. More limited characterization of the other 5°and 7°͓001͔ tilt GBs also qualitatively confirm this result. The present results support the models, 8, 9 and show benefits of Ca and O overdoping for low angle grain boundaries. 
